The self-assembly of Amyloid beta (Ab) peptides are widely accepted to associate with Alzheimer's disease (AD) via several proposed mechanisms. Because Ab oligomers exist in a complicated environment consisting of various forms of Ab, including oligomers, protofibrils, and fibrils, their structure has not been well understood. The negatively charged residue D23 is one of the critical residues of the Ab peptide as it is located in the central hydrophobic domain of the Ab N-terminal and forms a salt-bridge D23-K28, which helps stabilize the loop domain. In the familial Iowa (D23N) mutant, the total net charge of Ab oligomers decreases, resulting in the decrease of electrostatic repulsion between D23N Ab monomers and thus the increase in their self-aggregation rate. In this work, the impact of the D23N mutation on 3Ab 11-40 trimer was characterized utilizing temperature replica exchange molecular dynamics (REMD) simulations. Our simulation reveals that D23N mutation significantly enhances the affinity between the constituting chains in the trimer, increases the b-content (especially in the sequence 21-23), and shifts the b-strand hydrophobic core from crossing arrangement to parallel arrangement, which is consistent with the increase in self-aggregation rate. Molecular docking indicates that the Ab fibril-binding ligands bind to the D23N and WT forms at different poses. These compounds prefer to bind to the N-terminal b-strand of the D23N mutant trimer, while they mostly bind to the N-terminal loop region of the WT. It is important to take into account the difference in the binding of ligands to mutant and wild type Ab peptides in designing efficient inhibitors for various types of AD. .vn † Electronic supplementary information (ESI) available: List of temperatures in REMD simulations. Additional gures displaying the diffusion of the rst replica in the entire temperature space; the secondary structure distribution per residue of D23N 3Ab 11-40 in different simulation intervals; the RMSD and FEL of D23N and WT Ab 11-40 monomers; and docked conformations of ligands to monomers. See
Introduction
World Health Organization (WHO) reported that dementia affected approximately 50 million people worldwide in 2017 and the number of new patients could increase to ca. 10 million annually. 1 Alzheimer's disease (AD) is the most common type of dementia (60-70% cases), 1 which is strongly linked to the self-aggregation of the Amyloid beta (Ab) peptides. 2 Ab peptides consist of 36-43 residues formed via the proteolysis of the transmembrane Amyloid Precursor Protein (APP). According to the Amyloid cascade hypothesis, 3-5 Ab peptides self-assemble into Ab oligomers, which have been shown to be neurotoxic via several mechanisms, including damaging neurites and synapses 2,6 or forming transmembrane pores that disrupt Ca 2+ homeostasis. 7, 8 The most abundant form of Ab peptides consists of 40 amino acids (Ab 40 ) and accounts for approximately 80-90% of the total population. 9 The development of AD therapy relies on the understanding of Ab oligomer structures, [10] [11] [12] [13] unfortunately, because Ab oligomers exist in complicated environments comprising of numerous forms of oligomers and brils, their structure has not been well characterized. 11, 14 Therefore, molecular dynamics simulation has been one of the main tools in assessing the structure of Ab oligomers. [15] [16] [17] The self-assembly process of Ab peptides highly depends on their amino acid sequence. 18 Mutations can alter the Ab oligomer structures and their properties. Especially, the common mutations in the central hydrophobic domain of the Ab Nterminal, including Flemish (A21G), 19 Dutch (E22Q), 20 Italian (E22K), 21 Arctic (E22G), 22 and Iowa (D23N) 23 signicantly affect the dynamics and conformations of the Ab oligomers and brils. It is known that the central hydrophobic domains of an Ab chain forms rigid b-structure that in turn forms strong interaction with other Ab chains, leading to Ab selfaggregation. Inhibitors that target the N-terminal b-strand have been shown to successfully inhibit Ab selfaggregation. [24] [25] [26] In the N-terminal hydrophobic domain, D23 stabilizes the loop region of Ab peptides by forming a salt-bridge to the residue K28 and polar contacts to other residues in loop domain. [27] [28] [29] Substituting the negatively charged residue D23 by another residue could signicantly alter the structure of Ab peptides. In the familial Iowa mutant, D23 is replaced by the neutral residue asparagine, 23 which reduces the total net charge and thus the electrostatic repulsion between constituting chains of Ab oligomers. Consequently, the self-aggregation rate of D23N oligomers has been shown to increase. 30 Therefore, studying the impact of the D23N mutation on the self-assembly has been carried out for a number of Ab peptide systems, including Ab 21-30 , 31 Ab 10-35 , 32 Ab 1-40 , 33 Ab 1-42 , 34 2Ab 1-40 , 35 and 6Ab [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . 36 However, the effect of D23N mutation on Ab 40 trimer (3Ab 40 ), one of the most neurotoxic Ab oligomers, 10, 11 has not been revealed.
We are interested in Ab 40 as it is the most abundance form of Ab. Although Ab 42 oligomers are more neurotoxic than Ab 40 oligomers, the population of Ab 40 peptides is approximately ten times higher than that of Ab 42 . 9 Thus, structural investigation of Ab 40 and Ab 42 are both important. In addition, structure-neurotoxicity relationship has been established for Ab 40 oligomers but not for Ab 42 oligomers. 37 In order to gain insights into the changes in the structure and dynamics of the neurotoxic Ab trimer in aqueous environment upon D23N mutation, we investigated the D23N 3Ab mutant in comparison with the wild type (WT) trimer using extensive replica exchange molecular dynamic (REMD) simulation over 20 000 ns in total. It is noted that the D23N Ab peptides are able to form both parallel and anti-parallel motifs; 38, 39 however, in this work, we only considered the D23N 3Ab starting from the parallel structure. Our results indicate that the D23N mutant has higher b-structure and stronger interchain interaction. We also identied seven optimized conformations of solvated D23N 3Ab using the combination of free energy landscape and clustering methods. Finally, molecular docking method was used to evaluate the binding affinity of available inhibitors to D23N and WT Ab trimer and monomer in order to reveal the inuence of D23N mutant on AD therapy.
Materials and methods

Initial conformation
The three-dimensional bril-like conformation of WT 3Ab peptide was taken from the two-fold 12Ab bril. 40 Then, the residue D23 was mutated to N using the mutagenesis tool in Pymol ( Fig. 1 ). 29 The backbone of trimer was not changed, but the sidechain of D23 was slightly different to N23. The distances between N23 and neighboring atoms remained larger than the corresponding atomic van der Waals (vdW) radii. D23N 3Ab was then inserted into a dodecahedron periodic boundary condition (PBC) box with the volume of $463 nm 3 and solvated with 12 852 water molecules. The mutant trimer was treated with AMBER99SB-ILDN force eld 41 and water molecules were presented utilizing TIP3P water model 42 as described in previous works. 29, 43 In addition, the D23N and WT Ab 11-40 monomers were derived from the trimer systems. Both monomers were solvated in a dodecahedron PBC box with size of $270 nm 3 using $8600 water molecules. Na + ions were added to WT Ab 11-40 monomer in order to neutralize the system.
Atomistic simulations
Atomistic simulations were carried out as previously described. 29,44 GROMACS 5.0.6 (ref. 45 ) was employed to simulate the solvated D23N 3Ab system. The non-covalent bond pair cut-off was set at 0.9 nm. The electrostatic potential was treated using the fast smooth particle-mesh Ewald electrostatic method. 46 The vdW interaction was set at 0.9 nm. The rst step of simulation was energy minimization with the steepest descent method, which was followed by a 500 ps positionally restraint simulation in NVT ensemble. REMD simulation was then applied to sample the conformations of solvated D23N Fig. 1 Input conformation of solvated D23N 3Ab . N23 residues are highlighted in red. N-termini are indicated with blue balls. (red) and WT 3Ab (blue) in REMD simulation time interval of 300-417 ns at 300 K. The values of WT 3Ab were reproduced with permission of Royal Chemistry Society. 29 3Ab . 48 replicas at various temperatures ranging from 295 to 382 K (ESI †) were simulated as reported in our previous works. 29, 43 During REMD simulation, the exchanges were performed every 1 ps. Each replica was simulated over 417 ns. The solvated D23N and WT Ab 11-40 monomers were also simulated for 100 ns at 300 K in order to generate the target for molecular docking. The trimer conformations in REMD simulations were recorded every 10 ps, while monomeric conformations in MD simulations were monitored every 1 ps.
Fig. 2 Distributions of D23N 3Ab
Structural analysis
The Dened Secondary Structure of Protein (DSSP) method was employed to predict the secondary structure term of the D23N 3Ab . 47 The inter-/intra-molecular sidechain (inter-/intra-SC) contacts were counted when the spacing between non-hydrogen atoms are smaller than 0.45 nm. The inter-/intra-molecular hydrogen bond (HB) contacts were counted when the spacing between donor and acceptor is smaller than 0.35 nm and the angle between acceptor-hydrogen-donor is larger than 135 . The collective variable free energy landscape (FEL) was generated with two reaction coordinates, including the C a root-meansquare deviation (RMSD) and gyration of radius R g . The noncovalent bond interaction energy and solvent surface access area (SASA) were calculated using GROMACS tools. 45 The collision cross section (CCS) was computed using the Ion Mobility Projection Approximation Calculation Tool (IMPACT). 48 
Binding free energy calculations
The binding free energy of an Ab peptide chain to the other chains within D23N 3Ab was calculated using MM/PBSA method 49-51 as previously described. 29 
Molecular docking
The binding conguration and affinity of available inhibitors to Ab trimers and monomers were investigated using Autodock Vina package 52 as described previously. 53 The input le of docking was prepared using AutodockTools 1.5.6. 54 The docking grid was chosen at the center of mass of the peptide with the size of 60 Â 60 Â 60 nm, which is large enough to cover the entire peptides. The exhaustiveness was set as 400.
Results and discussion
REMD simulations of solvated D23N 3Ab REMD simulation is known to be one of the most efficient sampling methods to evaluate the self-aggregation of Ab peptides. 15, 16, 55, 56 Because simulation of the self-aggregation process of Ab peptides is very slow and it is highly unlikely to reach the stable structure of Ab oligomers starting from a random structure, input conformations were obtained from rom bril-like structures, 29, 43, 44 which was also applied in the case of Ab trimer and its D23N mutant. REMD simulations were sufficient as the mean exchange rate of ca. 32% and the Ab conformations entirely walked through the temperature space ( Fig. S1 †) . The rst 300 ns of REMD simulations were omitted from any analysis due to sidestepping any inclination toward the starting conformation. All computational metrics of the solvated D23N 3Ab were only evaluated over the last 117 ns of REMD simulation at 300 K.
The simulation reached the equilibrium state at 300 K aer 300 ns as indicated by the superposition of secondary structure metrics over various intervals 300-417 and 300-360 ns ( Fig. S2 †) . All metrics were computed over all the snapshots of the simulation window 300-417 ns. As shown in Fig. 2 , the bcontent value diffuses in the range of 11-71% with the mean value of $48 AE 7%. It is signicantly larger than that of WT 3Ab ($42 AE 6%). 29 The shi of b-content distribution under the effect of D23N mutation is clearly shown in Fig. 2 . R g uctuates in the range of 1.28-1.64 nm with an averaged value of $1.49 AE 0.05 nm, which is larger than the corresponding value of the WT trimer ($1.43 AE 0.05 nm). 29 SASA of D23N 3Ab ($62.84 AE 2.66 nm 2 ) is slightly smaller than that of WT 3Ab ($63.51 AE 2.59 nm 2 ). 29 The non-covalent bond interaction energy between peptide chains of D23N 3Ab was obtained using the GROMACS tool 4.3, which falls in the range from À515.7 to À160.5 kcal mol À1 (Fig. 2) . The average interaction energy is À310.2 AE 53.3 kcal mol À1 , which is signicantly larger than that of WT 3Ab (À267.0 AE 67.2 kcal mol À1 ). 29 The stronger interaction energy between establishing chains is observed when the electrostatic repulsion is reduced. The obtained results indicated that the sidechain charge-charge interactions contribute to the instability of the WT trimer. 57 This result implies that D23N 3Ab is more stable and forms at higher rate in comparison to the WT trimer.
Effects of D23N mutation on the distribution of secondary structure parameters per residue Fig. 3 shows the distribution of secondary structure terms per residues of the D23N 3Ab including b-, a-, turn-, and coilstructures. Obtained results are consistent with the available solid state NMR data that showed a high neurotoxic Ab 40 oligomer possessing stable N-terminal b-strands. 58 D23N 3Ab adopts parallel U-shape structure consisting of ve domains, which is in good agreement with a recent study. 38 The sequences 11-14, 24-30, and 36-40 mostly form coil structure, while b-structure is dominant in the sequences 15-23 and 31-35. Residues 21-23 in the D23N mutant possess remarkably higher b-structure content compared to those in the WT trimer. Moreover, b-structure content is also observed to increase in other residues, including the sequence 12-20, while it only decreases in several residues, including the sequence 31-34. The loop region (sequence 24-28) forms more coil-structure and less a-/turn-structure in comparison with the WT form. Overall, the signicant decrease in a-structure, an intermediate structure in the Ab folding progress, 59, 60 together with the signicant increase in b-structure could speed up the self-aggregation of D23N 3Ab in comparison with that of the WT trimer.
Non-covalent bond contacts
The stability of Ab oligomer depends on the intermolecular non-covalent bonds between constituting chains, involving inter-SC and inter-HB contacts. The distributions of these values are shown in Fig. 4 . As mentioned above, D23N Ab forms more inter-SC contact (66.0 AE 4.5) than the WT system (61.8 AE 5.2). 29 Similarly, D23N Ab 11-40 adopts more inter-HB contact (12.1 AE 5.0) than WT trimer (10.2 AE 1.7). 29 Moreover, the number of intramolecular contacts of the D23N 3Ab (135.7 AE 7.8) is signicantly smaller than those of WT 3Ab (171.2 AE 8.3). 29 Likewise, the intra-HB of D23N 3Ab 11-40 (6.8 AE 2.0) is lower than that of the WT trimer (7.6 AE 2.9). 29 This result is consistent with the signicant increase in interaction energy between the peptide chains of the trimers obtained using the GROMACS tools described above, as well as with the increase in Gibbs binding free energy between peptide chains derived from MM/PBSA method (vide infra).
Free energy landscape
The collective variable free energy landscape (FEL) of D23N 3Ab was generated using the GROMACS tool named "sham". 45 C a RMSD and R g were chosen as the coordinates as they were successfully used to obtain the FEL for other Ab peptide systems. [61] [62] [63] The FEL of solvated D23N 3Ab is displayed in Fig. 5 , which contains four minima centered at (RMSD; R g ) coordinates of (0.48; 1.52), (1.50; 0.61), (0.68; 1.46), (0.66; 1.48). Applying clustering method on the rened MD snapshots located in the free energy holes, we found seven representative conformations of D23N 3Ab . These conformations are noted as A, B, C, D, E, F, and G as shown in Fig. 5 . . 4 The distribution of inter/intra-molecular SC and HB contacts of the solvated D23 and WT 3Ab . The results of WT system was reproduced with permission of Royal of Chemistry Society. 29 Fig. 3 Secondary structure terms per residues averaged for all three chains of D23N 3Ab and WT 3Ab . 29 The values of WT 3Ab were reproduced with permission of Royal Chemistry Society. 29 The selected structural parameters of these conformations are provided in Table 1 . The dimensions of these conformations, which are indicated by R g , SASA, and CCS, are roughly comparable to those found for the representative structures of the WT trimers. The b-content of these structures is greater than 42%, which is signicantly higher than that found for the representative structures of WT 3Ab, namely MA (37%), MB (40%), and MC (32%). 29 These results are consistent with the analysis of all equilibrated snapshots described above.
The 3-D structures of A-G and their populations are shown in Fig. 6 . All conformations exhibit the U-shaped parallel structures. As mentioned above, the b-strand of the N-terminal in the D23N mutant forms more b-structure as previously observed by solid state NMR. 58 It is worthy to note that the central hydrophobic domain is solvent accessible, to which other Ab peptides could dock, resulting in the self-aggregation. 64 Unlike the b-strands in the WT trimer that form crossing structure, 29 the b-strands in D23N 3Ab are parallel to each other. Docking of additional monomer to the parallel structure of D23N 3Ab is much more efficient than that to the crossing structure of the WT trimer. 64 Binding affinity between peptide chains in Ab 
trimers
The increase in the interaction energy and non-covalent bond contacts upon D23N mutation of 3Ab described above suggest that the peptide chains in the mutant trimer bind more strongly to each other than in the WT trimer. To further access this result, we performed MM/PBSA calculation to evaluate the Gibbs free binding energy (DG bind ) of a peptide chain to the other chains in D23N 3Ab , using the same protocol previously described for WT 3Ab . 29 Evaluating binding affinity between peptide chains of the trimer using DG bind obtained with MM/PBSA method is more accurate than using the interaction energy obtained with GROMACS tool. The parameters obtained with MM/PBSA method are provided in Table 2 . Replacing the negatively-charged D23 residue by a neutral N residue results in remarkably stronger electrostatic interaction (DE elec ) and slightly stronger vdW interaction (DE vdW ) as a result of weaker repulsion force between the peptide chains. The polar interaction is signicantly stronger in the mutant, which off-set the increase in affinity between the chains. Nevertheless, the magnitude of DG bind increases signicantly (by $22%) when D23 is mutated to N, which is consistent with the increase in the magnitude of interaction energy obtained with GROMACS tool.
Binding of inhibitors to Ab trimers and monomers
In order to gain more insights into how D23N mutation affects the structure of Ab trimers, we compared the binding of twelve experimentally characterized amyloid plaque-binding compounds [65] [66] [67] [68] [69] [70] [71] to D23N 3Ab and WT 3Ab using Autodock Vina. 52 This tool has been used to study the binding of ligands to amyloid peptides and provided good correlation between predicted and experimental binding affinities. 72, 73 Molecular docking of these ligands was carried out for all representative structures of D23N and WT 3Ab . For each system, the binding affinity was averaged from the values obtained for all representative conformations to compensate for the lack of receptor-inhibitor dynamics in Autodock Vina. The exhaustiveness was chosen as 400 to enhance the docking accuracy.
The docking results are presented in Tables 3 and S1 †. Except for one ligand, the estimated binding affinity of the ligands to D23N 3Ab is slightly higher than that to WT 3Ab , however, the difference is negligible. Fig. 7 shows the binding poses of the ligands to the representative conformations of D23N 3Ab (A-G) and WT 3Ab (MA-MC). Overall, the ligands bind to D23N 3Ab in different positions compared to WT 3Ab . The binding poses of the ligands to D23N 3Ab are relatively wide spread, but in most cases they bind to the N-terminal b-strands. While the ligands also bind to the N-terminal domain of WT 3Ab , they mostly dock to the loop regions in similar poses in each conformation. This result suggests that these ligands could inhibit the aggregation of D23N and WT Ab by different mechanisms. Binding of the ligands to the b-strands may inhibit the docking of new Ab chain to the existing oligomers, while binding of the ligand to the loop regions could lead to the destabilization of the oligomers.
In addition, the inhibitors were also docked to the D23N and WT Ab the representative structures of the monomers obtained from FEL and clustering methods (Fig. S4 †) . D23N mutation cause signicant changes in the structure of Ab 11-40 monomer (Fig. S4 †) . The binding poses of the inhibitors to D23N monomer are different from those to WT Ab 11-40 monomer ( Fig. S5 †) . The average ligand binding affinity of D23N monomer (À5.0 AE 0.2 kcal mol À1 ) is 0.7 kcal mol À1 smaller than that of D23N trimer (À5.7 AE 0.3 kcal mol À1 ) ( Table S2 †) . Similarly, the average ligand binding affinity of WT Ab 11-40 (À4.8 AE 0.2) is 0.7 kcal mol À1 smaller than that of WT 3Ab (À5.5 AE Fig. 7 Binding poses of twelve ligands to the representative conformations of D23N 3Ab (A-G) (this work) and WT 3Ab (MA-MC) (obtained from our previous study) 29 generated using Autodock Vina protocol. 52 The residues highlighted by red color form non-bonded contacts to the ligands. Spheres denote the C a atoms of the N-terminal. Table 3 Binding affinity (kcal mol À1 ) of selected inhibitors to D23N and WT 3Ab No.
PubChem ID Ref.
D23N 3Ab WT 3Ab 0.3 kcal mol À1 ). This result indicates that the inhibitors have higher affinity for the trimers than for the monomers. It also shows that D23N mutation also causes changes in ligand binding poses of the monomers, further corroborating the results obtained for the trimers.
Conclusions
Atomistic structural and dynamic information of the truncated Iowa Ab mutant trimer (D23N 3Ab ) were extensively simulated using REMD with 48 replicas over simulation time of 417 ns per replica ($20 000 ns of total simulations time).
Replacing the negatively-charged D23 residue by the neutral residue N increases b-structure content from $42% to $48%, which occurs concomitantly with a shi in the hydrophobic bstrand core from crossing to parallel arrangement (Fig. 7) . Subsequent docking of other Ab chains via dock-lock mechanism 64, 74 to the existing oligomer with parallel hydrophobic core could occur much more efficiently than to the oligomer with crossing core. The number of non-covalent contacts increases sizably in the D23N mutant trimer, which is consistent with the increase in the magnitude of both the interaction energy (from À267.0 AE 67.2 kcal mol À1 to À310.2 AE 53.3 kcal mol À1 ) derived with the GROMACS tool and the Gibbs free binding energy (from À35.82 AE 7.89 to À43.67 AE 15.90) obtained with MM/ PBSA method. Altogether, our results show that D23N mutation induces signicant changes in structure and dynamics of 3Ab that allow the mutant peptide to aggregate at faster rate, consistent with previous experimental results on the formation of Iowa Ab brils. 30 Molecular docking shows that D23N mutation causes signicant changes of Ab 11-40 structure. These changes lead to differences in ligand binding poses of D23N and WT trimers despite having similar binding affinity. The ligands mostly bind to the N-terminal b-strand of the D23N mutant trimer, while they prefer to bind to the N-terminal loop region of the WT trimer. Likewise, these compounds bind to D23N and WT Ab 11-40 monomers at different binding positions while having the same range in binding affinity. This result provides important information for further study in drug design for different types of AD. Rigorous MD simulations are needed to gain further insights into this aspects.
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